The hydrous magnesium carbonates, nesquehonite (MgCO 3 Á3H 2 O) and dypingite (Mg 5 (CO 3 ) 4 (OH) 2 Á5(H 2 O)), were precipitated at 25°C in batch reactors from aqueous solutions containing 0.05 M NaHCO 3 and 0.025 M MgCl 2 and in the presence and absence of live photosynthesizing Gloeocapsa sp. cyanobacteria. Experiments were performed under a variety of conditions; the reactive fluid/bacteria/mineral suspensions were continuously stirred, and/or air bubbled in most experiments, and exposed to various durations of light exposure. Bulk precipitation rates are not affected by the presence of bacteria although the solution pH and the degree of fluid supersaturation with respect to magnesium carbonates increase due to photosynthesis. Lighter Mg isotopes are preferentially incorporated into the precipitated solids in all experiments. Mg isotope fractionation between the mineral and fluid in the abiotic experiments is identical, within uncertainty, to that measured in cyanobacteriabearing experiments; measured d 26 Mg ranges from À1.54& to À1.16& in all experiments. Mg isotope fractionation is also found to be independent of reactive solution pH and Mg, CO 3 2À , and biomass concentrations. Taken together, these observations suggest that Gloeocapsa sp. cyanobacterium does not appreciably affect magnesium isotope fractionation between aqueous fluid and hydrous magnesium carbonates.
INTRODUCTION
Biomineralization is the most important carbonate mineral formation mechanism in the hydrosphere (Lowenstam and Weiner, 1989; Chafetz and Buczynski, 1992; Ferris et al., 1997; Douglas and Beveridge, 1998; Dove, 2010) . Cyanobacteria induced mineralization occurred in both ancient and modern environments (Brady et al., 2009; Planavsky et al., 2009; Raven and Giordano, 2009 ); cyanobacteria-dominated carbonate formation occurred in oceans, lakes, springs, and soils during the Precambrian (Riding, 2000) , whilst modern cyanobacteria-dominated carbonate formation occurs in highly alkaline aquatic environments (Thompson and Ferris, 1990; Braithwaite and Zedef, 1994; Dupraz et al., 2009; Power et al., 2009) . Locations where modern cyanobacteria-dominated magnesium carbonate formation occurs include Lake Salda in Turkey, which is fed by ultramafic rock weathering products (e.g. Braithwaite and Zedef, 1994; Shirokova et al., 2011) , and alkaline lakes such as those in British Columbia (Power et al., 2007 (Power et al., , 2009 .
The chemical and isotopic composition of microbially induced minerals is routinely used to reconstruct past environmental conditions (Altermann et al., 2006) , with particular emphasis on carbon and oxygen fractionation in carbonates (e.g. Pentecost and Spiro, 1990; Power et al., 2007) . Until recently, little attention has been paid 0016-7037/$ -see front matter Ó 2011 Elsevier Ltd. All rights reserved. doi: 10.1016/j.gca.2011.10.019 to the possibility of isotopic fractionation of the major divalent cations (i.e. Ca, Mg, and Sr) within carbonate minerals owing to the more complex analytical procedures required to quantify these effects (Chang et al., 2003; Young and Galy, 2004) . The importance of Mg in biogeochemical cycles, and the $8% mass difference between 24 Mg and 26 Mg suggest that Mg isotopes are potentially useful for resolving natural carbonate precipitation mechanisms. The potential for magnesium isotope fractionation in carbonate minerals has been recently documented for Mgbearing carbonates (Chang et al., 2004; Buhl et al., 2007; Hippler et al., 2009) . The degree to which microbes may influence this fractionation has yet to be investigated quantitatively. The goal of this study is to overcome this knowledge gap by directly measuring the magnitude of Mg isotope fractionation during the abiotic and cyanobacteria induced precipitation of hydrous Mg-carbonates. Results of these experiments are used to (i) calibrate Mg isotope fractionation between aqueous solutions and biotically and abiotically formed hydrous magnesium carbonates at Earth surface conditions, and (ii) assess of the possible role of cyanobacteria on Mg isotope fractionation during bioinduced carbonate mineralization.
MATERIALS AND METHODS

Culture and characterization of cyanobacteria
An axenic culture of mesophilic Gloeocapsa sp. f-6gl cyanobacteria isolated from a spring in Kamchatka, Russia and described earlier was used in this study. The bacterium was grown in synthetic, lowphosphate (10% of normal content) cyanobacteria BG-11 Freshwater Solution for 3 weeks until the stationary growth phase was attained (c.f. Martinez et al., 2008) . Cyanobacterium Gloeocapsa sp. typically consists of a small number of individual spherical colonies, each containing 3-10 cells enclosed within larger mucilage masses. The concentration of the bacterial cell suspensions was quantified via optical density (OD) using a spectrophotometer at a wavelength of 750 nm. This wavelength was selected after spectra recording in the 300-800 nm region of both (1) mineral-free, live Gloeocapsa sp. cyanobacteria bearing suspensions, and (2) dypingite bearing, cell-free suspensions. The cell-free suspensions exhibit no adsorption in the 650-800 nm region whereas the cyanobacterial cell-bearing suspensions exhibit a distinct peak at 700-750 nm. The overall light absorbance of mineral-bearing suspensions is a factor of 10 lower than that of the mineral-free, live biomass bearing suspensions, when normalized to dry or wet weight. As a result, the maximum uncertainty in biomass concentrations obtained via optical absorbance at 750 nm induced by the presence of minerals is no more than 10%, which is within the experimental reproducibility. The OD À biomass calibration curve was linear for up to 1.3 absorbance units and the ratio between humid and freeze-dried weight of Gloeocapsa sp. was 10.0 ± 2.0. Although the experiments were conducted under fully sterile conditions, possible reactor contamination by other cyanobacteria species and culturable aerobic heterotrophic bacteria was assessed weekly by a detailed optical microscopic examination of the bacterial culture following its growth on agar plates containing BG-11 or nutrient agar. No detectable contamination was observed even during long-term experiments.
Precipitation experiments
Precipitation experiments were performed in 1000 ml sterile borosilicate glass reactors containing either the low-phosphate BG-11 growth medium or the cell supernatant, into which 25-30 mM MgCl 2 and $50 mM NaHCO 3 were added. These conditions were found to be both (1) suitable for Mg carbonate precipitation and (2) correspond closely to conditions found in natural settings where hydromagnesite precipitation has been reported (Braithwaite and Zedef, 1994; Power et al., 2007; Shirokova et al., 2011) . Experiments with lower concentrations of MgCl 2 and NaH-CO 3 failed to produce sufficient precipitation for analysis, whereas higher concentrations led to rapid and uncontrolled hydrous Mg carbonate precipitation. The low-phosphate BG-11 growth medium used for these experiments had the composition of the traditional BG-11 growth medium other than its P content; the low phosphate growth medium contained only 50 lM P, which is 10% that of the traditional medium (c.f. Martinez et al., 2008) . The bacteria used in the experiments were pre-cultured in low phosphate BG-11 media before being placed in the reactors. The bacteria continued to grow while mineral precipitation occurred; biomass typically increased by a factor of 10 during the first 2-4 weeks then increased less rapidly for the rest of the mineral precipitation experiments. Details of all experiments performed in this study are given in Table 1 .
All experiments were performed at 25 ± 2°C. Some were conducted in reactors that were continuously stirred and bubbled with air. These conditions were chosen to reduce heterogeneities in the bulk fluid composition and the cell/precipitate distribution in the reactors. In addition, air bubbling fixed the CO 2 content in the reactor fluids. Since the homogeneous nucleation of carbonates can be influenced by stirring (Pokrovsky and Savenko, 1995a; Pokrovsky, 1998) , several experiments were also conducted by shaking the reactors rather than either bubbling and/or stirring. Such experiments provide insight into the possible role of fluid hydrodynamics and Mg diffusion on precipitation rates, precipitate identity, and Mg-isotopic fractionation. Several additional experiments were performed without shaking and air bubbling in an attempt to reproduce natural conditions such as those associated with carbonate precipitation in shallow biomats. Each experiment is described in detail below.
All biotic experiments were initiated by adding a known quantity of previously grown Gloeocapsa sp. cyanobacteria to the reactors. Experiments Bio-A and Bio-B were performed in reactors that were continuously stirred with a magnetic stirring bar at 150 rpm and bubbled with sterile humid air with an average flow rate of 1.5 ± 0.3 L/min. Experiments Bio-C and Bio-F were performed in reactors that were neither shaken, nor stirred, nor air bubbled. Experiment Bio-D was shaken continuous using a Fisher PingPong 400 shaker at a rate of 120 movements/min, whereas experiment Bio-E was continuous stirred. Both experiment Bio-D and Bio-E were performed in the absence of bubbling. Each of these experiments (Bio-A to Bio-F) was performed under continuous fluorescent light of 30 lmol photon m À2 s
À1
. In addition, experiment Bio-G was run under a normal day/night cycle without stirring and bubbling and experiment Bio-I was shaken and run in complete darkness without bubbling. Furthermore, experiments Bio-G and Bio-I run for 143 days (i) to observe the end of the stationary growth phase and beginning of the cell death phase and (ii) to assess possible long-term mineral transformations. As such these two experiments more closely approximated natural conditions where mineral transformation could occur.
Abiotic experiments Abio-A, Abio-B, Abio-C, and Abio-E were performed in the presence of a sterile supernatant of the Gloeocapsa sp. cyanobacteria to which were added MgCl 2 and NaHCO 3 in similar concentrations to those of the biotic experiments and 50 ± 10 mg/L of dissolved organic carbon (DOC) in the form of cell exometabolites. The supernatant solution for the abiotic experiments was generated via centrifugation and filtration through a 0.22 lm filter of a Gloeocapsa sp. culture collected at the stationary stage. The term cell exometabolites refers to dissolved (<0.22 lm) organic substances of undefined structure and chemical composition, largely dominated by exopolysaccharides. Note that phytoplankton-originated exopolymeric substances represent the major pool of autochthonous organic matter in natural waters, including the lakes where hydrous Mg carbonate precipitation occurs. The amount of Mg initially present in the supernatant was always less than 5% of that added in the form of MgCl 2 . The concentration of DOC used in these experiments is similar to that measured in the experiments containing the live Gloeocapsa sp. Abiotic control experiments Abio-D1 and Abio-D2 were performed in sterile low-phosphate and traditional BG-11 culture media, respectively. Experiments Abio-A, Abio-B, Abio-D1, Abio-D2, and Abio-E were bubbled with sterile humid air at similar flow rates as that of experiments Bio-A and Bio-B. All abiotic experiments were performed in the presence of 0.01 M NaN 3 to prevent possible microbial contamination.
One additional experiment, Min-free, was run to assess Mg consumption and isotopic fractionation by Gloeocapsa sp. in the absence of carbonate precipitation. This experiment was performed in BG-11 medium originally containing 0.30 mM MgSO 4 and 4 mM NaHCO 3 . The fluid phase and biomass in this experiment were sampled after 11 and 44 days of growth.
Sampling and analyses
30-50 ml aliquots of homogeneous suspension containing the fluid, precipitated minerals, and cells if present were sampled periodically from the reactors in a sterile laminar hood box during each experiment (see Table ESM -1). The optical density and pH were measured in suspension subsamples, whilst the fluid supernatants were filtered using MilliPore 0.22 lm cellulose acetate filters, then used for alkalinity, DOC, and Mg concentration measurements. Alkalinity was determined following a standard HCl titration procedure using an automatic Schott TitroLine alpha TA10 plus titrator with an uncertainty of ±2% and a detection limit of 5 Â 10 À5 M. DOC was analyzed using a Shimadzu TOC-6000 Carbon Total Analyzer with an uncertainty of 3% and a detection limit of 0.1 mg/L. Magnesium concentrations were measured by flame atomic absorption spectroscopy using a Perkin Elmer AAnalyst 400 with an uncertainty of ±2% and a detection limit of 2 Â 10 À7 M. pH was measured using a Mettler Toledo combined electrode, with a precision of ±0.001. The uncertainty of biomass concentration determination via optical density is estimated at ±10%. Organic matter was removed from the surfaces of a subset of the recovered minerals prior to their surface characterization by treating them with 10% H 2 O 2 for 2-3 days at the same pH as the experimental fluids. The residual solid phases were then thoroughly rinsed in de-ionized water and freeze dried at À55°C. The resulting mineral phases were characterized by scanning electron microscopy (SEM) using a Jeol JSM840a, and by X-ray diffraction using an INEL CPS 120 Co ja , with a scan speed of 0.02°s
À1
. Mineral-free bacterial cells and cell biomass with precipitated carbonates were also observed using Transmission Electron Microscopy (TEM) with a JEOL JEM 12000 EX and a JEOL JEM 2100F equipped with a field emission gum (FEG) and PGT EDX detector at 80 kV. TEM samples were prepared by first rinsing cell suspension with sterile nutrient solution and MilliQ water then centrifuging them for about 2 min at 10,000 rpm. TEM analyses were then performed on grids coated with a carbon film that was submerged in the prepared bacterial suspension for 10 s then dried.
Magnesium isotope analyses
Mg isotope compositions of both filtered fluids and solid phases were measured. The Mg compositions of the solids were measured before any pre-treatment; as such resulting Mg compositions reflect contributions of the precipitated mineral and some organic material, including cells of cyanobacteria and chlorophyll-a. The fraction of Mg incorporated in the organic material during cell growth is estimated to be less than $0.1% of the total amount of Mg precipitated from the reactive solutions during the experiments (see Section 4.2 for details). Because precipitation was performed under controlled conditions, the potential for isobaric interferences from double charged ions (e.g. ) was minimal. Galy et al. (2001) , however, demonstrated that the presence of Na + and other species within the sample matrix could also result in mass bias effects. Consequently all samples were chemically purified prior to Mg isotope analysis via cation exchange chromatography. Filtered acidified fluids were evaporated to dryness and re-diluted in 1 M HNO 3 , while the freeze-dried solid samples and mineral-free organic samples obtained from experiment Min-free were digested in 16 M HNO 3 , before being evaporated and redissolved in 1 M HNO 3 . Mg separation was achieved using the protocol of Teng et al. (2007) , with the AG 50W-X12 exchange resin held in a 10 ml Bio-Rad poly-prep column. Complete recovery of Mg from the columns, which is essential to avoid isotopic fractionation (Chang et al., 2003; Teng et al., 2007) was confirmed by replicate passes of samples with different matrices through the resin column (Pearce et al., 2009) . A single pass was generally sufficient to reduce the cation/Mg ratio in the sample to <0.05, thereby avoiding potential interferences during mass spectrometry analysis (Galy et al., 2001) .
Magnesium isotopic ratios were measured using a Thermo-Finnigan 'Neptune' Multi Collector Inductively Coupled Plasma Mass Spectrometer (MC-ICP-MS) at both the GET (Toulouse, France) and at The Open University (Milton Keynes, UK). All solutions were prepared in 0.32 M HNO 3 and were introduced into the Ar plasma using a standard spray chamber. Instrumental mass fractionation effects were corrected via sample-standard bracketing, and all results are presented in delta notation with respect to the DSM3 international reference material (Galy et al., 2001; Goldstein et al., 2003) : 
This value was determined for all samples where both the fluid and solid phases were collected in the present study.
The evolution of the Mg isotopic composition of the solid phase (d 26 Mg solid ) precipitating in a closed system experiment can be calculated from mass balance constraints using (Criss, 1999) :
where A stands for the percent of Mg precipitated from the liquid phase, and d 26 Mg initial refers to the isotopic composition of the initial fluid phase.
RESULTS
The measured chemical composition of the reactive fluids (e.g. the fluid phase in the reactor during the experiments) and the mineralogy of precipitated solid phases in all samples are listed in the Electronic Supplementary Material Table ESM-1 (file ESM.pdf) and are described in detail below.
Mineralogy of the precipitated phases
Examples of X-ray diffraction patterns of the solid phases precipitated during the experiments are shown in Fig. 1 . X-ray diffraction results demonstrate the precipitation of nesquehonite (MgCO 3 3H 2 O) and dypingite (Mg 5 (CO 3 ) 4 (OH) 2 5H 2 O) at distinct times during the experiments. Nesquehonite precipitation is limited to the first hours of experiments Bio-A and Abio-A. After $100 h of reaction time, dypingite was the only mineral phase present in these experiments. Experiments Bio-C, Bio-D, and Abio-D2 exhibit dypingite formation whereas experiments Bio-F, Bio-G, Bio-I, Abio-B, Abio-C, Abio-D1, and Abio-E exhibit nesquehonite formation. Co-existence of both mineral phases was observed only in the final solid sample collected from experiment Bio-E. In general, all the collected nesquehonite XRD patterns exhibited close agreement with its corresponding reference pattern (see Fig. 1B ), whilst the collected XRD patterns of collected dypingite exhibit some minor difference compared to its corresponding reference pattern (see Fig. 1A ). No clear connection between the mineralogy of the precipitated phase and the experimental/ physical conditions of the experiment is evident. Scanning electron microscopy images reveal that nesquehonite exhibits a needle-like habit with needles ranging from 5 to 15 lm in length (see Fig. 2A ), whilst the dypingite is present as 2-8 lm diameter rosette-like aggregates (see Fig. 2B and C) . Transmission electron microscopy demonstrated the presence of nanometer size mineral precipitates in the vicinity of cell surfaces in solutions supersaturated with respect to hydrous Mg carbonates (see Fig. 3A and B) suggesting a direct link between the bacteria and some precipitates. The chemical analysis of these precipitates taken at the position of the cross in Fig. 3B , indicated that Mg, C, and O are the main elements and the concentration of P, S, and Cl are negligible. Such cell associated precipitates were absent in control media (see Fig. 3C ).
Chemical composition of the fluid phase
The temporal evolution of Mg concentration and pH in all experiments as well as alkalinity and biomass concentration during representative experiments are illustrated in Fig. 4 . The Mg concentration and alkalinity of the reactive fluids tend to decrease and the pH tends to increase with time during all biotic experiments. Some significant Fig. 1 . X-ray diffraction patterns of the solids recovered from (A) experiments Bio-A after 30 days and Abio-A after 27 days, and (B) experiments Bio-B after 23 days and Abio-C after 15 days compared to reference X-ray diffraction patterns of dypingite and nesquehonite, respectively. differences, however, are evident among the biotic experiments. For example, an initial latent stage lasting $4 days is observed in experiments Bio-A, Bio-B, Bio-E, and Bio-F, during which the reactive fluid exhibits a slight increase in Mg concentration and alkalinity. This latent stage is followed by a rapid decrease in reactive fluid Mg concentration and alkalinity during the next 10-15 days, before attainment of a quasi-stationary state. Experiments Bio-C, Bio-D, Bio-G, and Bio-I exhibit similar temporal Mg concentration and pH variations, although a pH drop accompanied by an increase in the Mg concentration and alkalinity are observed after 40-60 days. For all of these Fig. 2 . SEM images of hydrous magnesium carbonate phases precipitated during this study: Nesquehonite needles collected from (A) experiment Bio-A after $1 h, (B); dypingite rosettes collected from experiment Bio-A after 30 days, and (C) Abio-A after 27 days. Fig. 3 . TEM images of active Gloeocapsa sp. cyanobacteria and associated precipitates collected after 14 days from MgCl 2 -NaHCO 3 enriched BG-11 medium (A and B) and from BG-11 medium undersaturated with respect to Mg hydrous carbonates (C). The solid precipitates are encircled in A. Chemical composition of these precipitates (taken at the position of cross in Fig. 3B) yielded Mg, C, and O as main elements with insignificant amount of P, S, and Cl.
biotic experiments other than Bio-I, this final pH drop is concurrent with a decrease of fluid optical density suggesting that this observation stems from cyanobacterial death.
A decrease in photosynthetic activity due to decreasing cyanobacterial activity can result in decreasing pH which favors Mg-carbonate dissolution. In the abiotic experiments, the reactive fluid Mg concentration and alkalinity decreased during the first 10 ± 5 days, becoming almost constant thereafter, suggesting the attainment of near-equilibrium conditions. During the same period, the reactive fluid pH increased to 9.2-9.3 and then remained approximately constant until the end of each experiment (see Fig. 4 and Table ESM-1).
The speciation and saturation state of the reactive fluids with respect to potentially precipitating mineral phases for all experiments was calculated using PHREEQC together with its MINTEQA2 database (Parkhurst and Appelo, 1999) after adding to it thermodynamic properties for nesquehonite and hydromagnesite reported by Cheng and Li (2010a,b) . The saturation state of these fluids with respect to dypingite was not calculated owing to lack of relevant thermodynamic data. A summary of these saturation state calculations is provided in Table 2 . The evolution of the saturation state of the fluids of experiments Bio-A and Abio-A are illustrated as a function of time in Fig. 5 . The calculated aqueous speciation of Mg is reported in Table ESM , but also contained 30-50% of MgCO 3 À (aq) and minor quantities of MgHCO 3°a nd MgOH + . Apparent precipitation rates (r i ) were calculated from the first derivative of the fluid phase Mg concentration with respect to time, from the onset of precipitation to the attainment of constant fluid Mg concentrations using
where c Mg stands for the concentration of Mg in the reactive fluid, t designates time, and m Mg;i denotes the number of moles of Mg in one mole of the i th mineral. Resulting precipitation rates are presented in Table 2 . All experiments performed in the presence of sterile humid air bubbling attained steady-state Mg concentrations over shorter time periods (12 ± 3 days) and exhibit higher apparent precipitation rates compared to bubbling-free experiments. Note that the Mg concentration in all the biotic experiments attained a lower stationary-state compared to those of the abiotic experiments. There is, however, no statistical difference in the precipitation rates obtained from the biotic (Bio-A and Bio-B) and abiotic (Abio-A, Abio-B, Abio-D1, Abio-D2, and Abio-E) experiments performed with either stirring or air bubbling during first 10-15 days with rates equal to À143 ± 33 Â 10 À3 and À118 ± 16 Â 10 À3 mol dypingite L À1 day
À1
, respectively as calculated using Eq. (4).
Magnesium isotopic composition
The Mg isotope compositions of all analyzed samples are given in Table 3 . Mg isotope analyses were performed on selected samples of experiments Bio-A, Bio-B, Bio-C, Table 2 Ionic Activity Product (IAP) and degree of saturation with respect to hydromagnesite and nesquehonite of the fluid at its final steady-state condition of each experiment and apparent precipitation rates for biotic and abiotic experiments. Rates are reported in moles of precipitated mineral per liter per day. Uncertainty in precipitation rates is estimated to be 10-15%. Bio-D, and Abio-A where dypingite was the main precipitated mineral phase. Furthermore, the temporal evolution of d 26 Mg during experiments Bio-A and Abio-A was studied in detail and is plotted in Fig. 6 .
All experiments exhibited mass-dependent fractionation between fluid and solid phases. Table 3 . In the presence of Gloeocapsa sp., D 26 Mg solid-liquid calculated from the first collected sample ($ after 4 h) of experiment Bio-A is significantly lower than that of the latter samples; this is the only Mg isotope concentration measurement made on nesquehonite in this study. The samples collected between 8 and 25 days from the Abio-A control experiment exhibit D 26 Mg solid-liquid values similar to those measured in most of the biotic experiments. There is no statistically significant correlation between the degree of Mg fractionation and the reactive fluid pH, the ion activity product of hydromagnesite (IAP hydromagnesite ), Mg concentration, alkalinity, and biomass concentrations as illustrated in Fig. ESM-1 . In addition, no statistically significant correlation was found between the Mg fractionation factor and the aqueous speciation of Mg as shown in Fig. ESM-2 for MgCO 3°( aq).
The temporal d 26 Mg solid-liquid evolution of experiments Bio-A and Abio-A are plotted against fraction of Mg remaining in solution in Fig. 7 . Most data from these experiments fall on parallel linear trends corresponding to constant D 26 Mg solid-solution and consistent with closed system equilibrium exchange between the fluid and solid phase calculated with Eq. (4).
DISCUSSION
Chemical composition of reactive fluids and precipitant mineralogy
pH was observed to increase with time in all abiotic and biotic experiments. In the abiotic experiments, this increase originates from the degassing of the initial reactive fluid, which contained a 5 Â 10 À2 mol/kg NaHCO 3 at pH $8.5. Owing to this high aqueous bicarbonate content, these initial fluids have a pCO 2 of 10 À2.0 atm, which is supersaturated with respect to the atmosphere. The bubbling of sterile humid air liberates CO 2 from the reactive fluid leading to both an increase in pH and degree of reactive fluid supersaturation with respect to Mg carbonate minerals. In biotic experiments, this pCO 2 decrease was accompanied with an additional pH increase due to the photosynthetic uptake of HCO 3 À ions and OH À release. This enhanced pH increase is evident in our experiments; the pH in our biotic experiments increases by 0.8-2.2 units compared to a 0.7-1.4 units increase in our abiotic experiments. Similar pH increases due to biological activity were documented by Power et al. (2007) who performed field experiments using a consortium of cyanobacteria isolated from microbial mats of hydromagnesite playas in British Columbia, Canada. The evolution of fluid composition during our experiments, as illustrated in Fig. 4 , shows that, in the presence of cyanobacteria, there is initial induction period lasting up to 5 days, during which little mineral precipitation occurs. At the end of this induction period, hydroxyl ions produced by photosynthetic activity increase pH and the degree of fluid supersaturation with respect to hydrous magnesium carbonates leading to their precipitation (see also Thompson and Ferris, 1990) . Indeed, the TEM images shown in Fig. 3 , and the corresponding EDX analyses, of active Gloeocapsa sp. cyanobacteria suspension in fluids supersaturated with respect to magnesium carbonates show the formation of a fine grained mineral phase in the near their surfaces, indicating a strong link between cyanobacterial cells and the precipitating Mg carbonate.
The final mineral phase precipitated in our experiments was either dypingite, a rare hydrous magnesium carbonate mineral compositionally similar to hydromagnesite (Raade, 1970) or nesquehonite. Note that all experiments were oversaturated with respect to hydromagnesite, although this mineral phase was not observed to precipitate. Power et al. (2007) reported dypingite formation in biotic mesocosm experiments, and nesquehonite formation in abiotic control experiments at a pH of $9.5. The transformation of nesquehonite to hydromagnesite is known to occur through intermediary hydrous magnesium carbonate phases such as dypingite (Davies and Bubela, 1973; Hopkinson et al., 2008) . Although it has been argued that such mineralogical changes could be an artifact of the sample drying (Botha and Strydom, 2001 ), we did not observe any significant difference in the XRD patterns of samples prepared via freeze-drying and those oven-drying at 50°C, and thus conclude that mineralogical changes did not occur during sample preparation. All previous reported work on the transformation of nesquehonite to hydromagnesite was performed at temperatures above 45°C, suggesting that this is an optimum temperature for this reaction. Formation of hydromagnesite, however, in natural environments (e.g. Lake Salda, Turkey; British Columbia, Canada) likely occurs at significantly lower temperatures, similar to those of our experiments (Braithwaite and Zedef, 1994; Power et al., 2007 Power et al., , 2009 ). The results above suggest that, at ambient temperatures, the transformation from nesquehonite to hydromagnesite occurs via a dypingite intermediary both in the laboratory and in nature. However the physicochemical factors controlling these transformation reactions are currently unknown. Note that a slow transition from dypingite to hydromagnesite, might explain the differences reported above between our XRD spectra and the reference standard.
Role of cyanobacteria in Mg concentration and isotopic fractionation
Bacterial cell surfaces, chlorophyll-a, and cellular cytoplasm are strong adsorbers of aqueous ions (Pokrovsky and Savenko, 1995b; Pokrovsky and Kompantseva, 2007) ; as such some Mg could have absorbed to cell walls in our experiments. For example, Jasper and Silver (1977) reported that Mg can be incorporated into chlorophyll-a and cellular cytoplasm during cyanobacterial growth. Black et al. (2006) reported that chlorophyll-a isolated from cyanobacterium Synechococcus elongatus preferentially incorporates light Mg isotopes. This process has also been observed to enrich cells in heavy Zn isotopes (Gélabert et al., 2006) . The maximum surface site density of Gloeocapsa sp., as revealed by proton Ca-Mg exchange experiments, is $0.7 Â 10 À3 mol g dry À1 . This suggests that the maximum amount of Mg removed from the reactive fluid during our experiments performed in the presence of cyanobacteria, which contained 2-3 g dry biomass L
À1 is no more than 1.4-2.1 Â 10 À3 mol L
À1
. This is significantly smaller than the 15-25 Â 10 À3 mol LÀ1 of Mg removed from solution by mineral precipitation in our experiments. The small role of bacterial adsorption in this study is confirmed by the results of experiment Min-free. This experiment, performed to quantify Mg uptake and fractionation by Gloeocapsa sp. shows that only 1.5 Â 10 À5 to 2.5 Â 10 À5 mol L À1 of the aqueous Mg concentration in the reactive fluid was taken up by the biomass. Therefore, unless the isotopic fractionation linked to Mg adsorption at cyanobacteria surface is orders of magnitude larger than suggested by previous studies, Mg adsorption on the cell surface should be negligible compared to the effects of mineral precipitation.
Note that the magnesium isotope compositions of the solid samples retrieved after 1 h and 4 days of Bio-A experiment deviate from the closed system fractionation trend shown in Fig. 7a . The observed differences between solid and fluid phases may reflect the change in the mineralogy from the initially precipitated nesquehonite to the more stable dypingite, if each mineral has a distinct fractionation factor. Another possibility is that precipitation rates are fast at the onset of the experiment, so this deviation may stem from kinetic isotopic fraction effects.
Magnesium isotope fractionation between minerals and reactive fluid
The reactive fluids of experiments Bio-A, Bio-B, Bio-C, Bio-D, and Abio-A exhibit an increase in d
26 Mg values of 0.5-1.5& (see Table 3 and Fig. 6 ). This demonstrates that lighter Mg isotopes are preferentially incorporated into the solid phase. This observation is coherent with the results of previous studies on Mg isotope fractionation between aqueous fluids and biogenic skeletal carbonates (Chang et al., 2004; Buhl et al., 2007; Hippler et al., 2009; Wombacher et al., 2011) , abiotically precipitated low Mg-calcite (Galy et al., 2002; Immenhauser et al., 2010) , dolomite (Higgins and Schrag, 2010; Pokrovsky et al., 2011) , and magnesite (Pearce et al., 2009; Mavromatis et al., 2011) . The origin of the Mg isotope fractionation likely stems from the change in Mg coordination, symmetry, and bond distances in the reaction forming the mineral from the aqueous fluid. One of the main changes during this reaction is the loss of the strongly attached hydration shell surrounding Mg, which has six water molecules located at a distance of 2.08 Å (Di Tommaso and de Leeuw, 2010) . In contrast, Mg in hydrous Mg carbonate minerals is contained in a three-dimensional framework of MgO 6 octahedra and triangular carbonate ions. For example, the average Mg-O distances in hydromagnesite are 2.10 and 2.04 Å where the Mg(1) atom is surrounded by four oxygen atoms from carbonate ions, one from a hydroxyl group and one from a water molecule, while the Mg(2) atom is surrounded by four oxygen atoms from carbonate groups and two from hydroxyl groups (Akao et al., 1974) . As such, the Mg-O octahedra in hydromagnesite are more distorted than that in the aqueous solution. Quantum mechanic theory suggests that heavier isotopes will concentrate in the species in which they are most strongly bounded (i.e. the aqueous fluid), meaning the lighter, less stable isotopes will be favored in the solid phase (Criss, 1999) . In contrast, (Li et al., 2011) reported that epsomite preferentially incorporates heavy Mg from aqueous solution. These authors attribute this contrasting behavior to the difference in strength and configuration of bonds in sulfate versus carbonate minerals.
The D 26 Mg solid-liquid values of abiotic experiments range from À1.43& to À1.17&. These factors are similar to those found in the experiments performed in the presence of Gloeocapsa sp., which range from À1.55& to À1.19&. Measured D 26 Mg solid-liquid values are consistent with a closed system equilibrium model (see Fig. 7 ) suggesting a continuous isotopic exchange/equilibration between the precipitated hydrous Mg-carbonates and the reactive fluid, probably via a dissolution/re-precipitation process, which itself is consistent with the equilibrium fraction model (Criss, 1999) . Such a process can also explain the small temporal variations in D 26 Mg solidliquid values observed during the experiments. The observation that D 26 Mg solid-liquid values are identical, within uncertainty (defined as the standard deviation of all samples where solid and liquid phase were measured and is equal to ±0.14&), in the presence and the absence of Gloeocapsa sp. suggests that Mg carbonate sediments formed via abiotic processes or provoked by cyanobacterial photosynthesis will exhibit similar Mg isotopic signatures. Moreover no affect of reactor stirring or air bubbling was found on Mg isotope fractionation. This suggests that the experimental fractionation factors determined in this study may be applicable to natural processes exhibiting highly variable hydrodynamic conditions and gas/fluid exchange intensity. This conclusion is supported by observations at Salda Lake (Shirokova et al., 2011) ; Mg fractionation between lake water and hydromagnesite at Salda Lake is equal to that measured in this experimental study. The only exception to this might be Mg-carbonate formation in biofilms that exhibit a high cell:mineral ratio, as cyanobacteria can store Ca 2+ and Mg 2+ ions in organic envelopes (Braissant et al., 2003 (Braissant et al., , 2007 . In such systems, "organic" Mg originated from cell decay and lysis would be isotopically lighter than the bulk fluid phase. Given that the D 26 Mg solid-liquid value for cell biomass is significantly less negative than that for inorganic carbonates, the release of Mg from cyanobacterial sheaths and cell envelopes, and subsequent precipitation of Mg carbonates in the vicinity of the cyanobacterial mats, might produce minerals that are isotopically heavier than those precipitated directly from supersaturated aqueous fluids at having a high fluid to cell biomass ratio. Because no affect of the presence of cyanobacteria was observed in this study on Mg fractionation between the reactive fluid and precipitated hydrous magnesium carbonates one might be tempted to generalize this observation to other alkaline Earth metals (e.g. Ca, and Sr) and other carbonate minerals. Such generalizations, however, are not possible to validate or refute at present due to lack of controlled experimental data. Nevertheless, recent studies demonstrate that the presence of aqueous organic ligands such as citrate and oxalate, alter significantly the Mg isotopic fractionation between magnesite and the fluid phase . This demonstrates that bacterial activity could alter divalent metal fractionation in minerals if they produce sufficient concentration of metal complexing aqueous organic ligands.
CONCLUSIONS
The hydrous magnesium carbonates nesquehonite and dypingite, were precipitated in the presence and absence of the cyanobacteria Gloeocapsa sp. under varying laboratory conditions (i.e. stirring and bubbling, continuous light, darkness, day/night cycle). All experiments yielded similar bulk precipitation rates, although the pH of the reactive fluids was 0.5-1.0 units higher in biotic experiments compared to abiotic experiments. Similarly, retrieved D 26 Mg solid-liquid values obtained from abiotic experiments are identical within uncertainty of those obtained in the presence of Gloeocapsa sp. Taken together these observations indicates that the presence of cyanobacteria affects neither the rates nor the Mg isotopic fractionation of the precipitated hydrous magnesium carbonates in natural systems. This conclusion suggests the Mg isotopic composition of magnesium carbonate may not be indicative of either the role of bacteria or the fluid composition of past ecosystems.
